Adverse life events during pregnancy may impact upon the developing fetus, predisposing prenatally stressed offspring to the development of psychopathology. In the present study, we examined the effects of prenatal restraint stress (PS) on anxiety-and depression-related behavior in both male and female adult Sprague-Dawley rats. In addition, gene expression profiles within the hippocampus and frontal cortex (FC) were examined in order to gain more insight into the molecular mechanisms that mediate the behavioral effects of PS exposure. PS significantly increased anxiety-related behavior in male, but not female offspring. Likewise, depression-related behavior was increased in male PS rats only. Further, male PS offspring showed increased basal plasma corticosterone levels in adulthood, whereas both PS males and females had lower stress-induced corticosterone levels when compared to controls. Microarraybased profiling of the hippocampus and FC showed distinct sex-dependent changes in gene expression after PS. Biological processes and/or signal transduction cascades affected by PS included glutamatergic and GABAergic neurotransmission, mitogen-activated protein kinase (MAPK) signaling, neurotrophic factor signaling, phosphodiesterase (PDE)/ cyclic nucleotide signaling, glycogen synthase kinase 3 (GSK3) signaling, and insulin signaling. Further, the data indicated that epigenetic regulation is affected differentially in male and female PS offspring. These sex-specific alterations may, at least in part, explain the behavioral differences observed between both sexes, i.e. relative vulnerability versus resilience to PS in male versus female rats, respectively. These data reveal novel potential targets for antidepressant and mood stabilizing drug treatments including PDE inhibitors and histone deacetylase (HDAC) inhibitors.
Introduction
Environmental adversity, either physical or emotional, experienced by the mother during pregnancy, may impact upon the developing fetus, adversely affecting its physical and mental wellbeing in later life. In humans, prenatal stress (PS) has been associated with the development of various cognitive and affective disorders, such as depression and anxiety (Huizink et al., 2004; Van den Bergh et al., 2005; Weinstock, 2001) . Likewise, PS in rats has been associated with altered stress responsivity and increased anxiety-and depression-related behavior, see review by Huizink et al. (2004) . These behavioral effects of PS can be counteracted by treating prenatally stressed rat offspring with various kinds of antidepressants (Alonso et al., 1999; Morley-Fletcher et al., 2003a Poltyrev et al., 2005; Poltyrev and Weinstock, 2004) . Therefore, PS in rats is regarded as a valid 'etiological' animal model to obtain more insight into the pathophysiology of affective disorders.
Similar to the human situation, the effects of PS exposure in rats are highly sex-dependent. More specifically, PS in Sprague-Dawley rats has been shown to particularly affect male offspring, whereas females are relatively resilient at the behavioral level (Zuena et al., 2008) . Along similar lines, e.g. the hippocampus -a brain structure that is subject to sex-dependent development and is well-known for its role in affective regulation -has been shown to be differentially affected by PS in male and female rat offspring, which is indicative of sex-specific vulnerability to disturbed glutamatergic and GABAergic neurotransmission and reduced hippocampal neuroplasticity (e.g. Zuena et al., 2008; Morley-Fletcher et al., 2011; Laloux et al., 2012) .
In the present study, we examined the effects of PS in both male and female Sprague-Dawley rats. Adult anxietyand depression-related behavior was studied using the elevated zero maze test, the home cage emergence test, the forced swim test, and the sucrose intake test. Further, basal and stress-induced activity of the hypothalamuspituitary-adrenal (HPA) axis was studied. Finally, we examined the effects of PS on gene expression profiles within the hippocampus and frontal cortex (FC), two brain regions known to be critically involved in the pathophysiology of depressive disorders and the response to antidepressant treatment (Sheline et al., 2003; Taylor et al., 2008) . For this purpose, as a hypothesis-generating approach, a whole genome microarray-based design was used in order to identify the genes and related molecular pathways that mediate vulnerability versus resilience to the behavioral effects of developmental stress exposure in male and female PS offspring, respectively.
Experimental procedures 2.1. Animals and procedures
This study was approved by the Animal Ethics Board of the Maastricht University, The Netherlands. Acclimatized SpragueDawley rats (Charles River, The Netherlands) were used. The animals were housed individually within a temperature-controlled environment (2171 1C) with a 12 h light/12 h dark cycle (lights on from 7.00-19.00 h) and had access to standard rat chow and water ad libitum. Pregnancy was determined by observation of vaginal plugs (embryonic day 0-E0). Restraint stress was performed daily during the last week of pregnancy (E14-E21). Pregnant female rats (n=8) were individually restrained 3 times a day (at approximately 9.00, 13.00, and 17.00 h) for 45 min in transparent plastic cylinders, whilst being exposed to bright light ( Van den Hove et al., 2005; Ward and Weisz, 1984) . Control (C) pregnant females (n=8) were left undisturbed in their home cages. Only litters of 8 or more pups were included in this study. Litters were culled to 8 pups if necessary. A maximum of 2 male and female pups per litter were examined to prevent litter effects (Chapman and Stern, 1978) .
At postnatal day 21 (P21), pups were weaned and group-housed for further examination (2 male or 2 female rats/cage; n=14 rats per experimental condition per sex). Rats were kept at a reversed day-night cycle from this point onwards (lights on from 17.00-5.00 h). Anxiety-and depression-related behavior of the rats was analyzed from P120 onwards (in the order as discussed below). Subsequently, at P143, plasma corticosterone secretion was assessed. One week later, at P150, the animals were killed by quick decapitation, after which the brains were removed. The hippocampus and FC were dissected, weighed and bilateral tissue samples were placed in a single tube and snapshot frozen in liquid nitrogen after which they were stored at À80 1C until further analysis.
Anxiety-and depression-related behavior
The elevated zero maze (EZM) introduced by Shepherd et al. (1994) consisted of a circular alley (diameter of 100 cm; path width 10 cm) made from black plastic material that was transparent for infrared light and elevated 20 cm above the floor. The maze was divided into four parts, i.e., two opposite open parts and two opposite closed parts with sidewalls 30 cm in height. The open parts had borders with a height of 5 mm to prevent the rat from stepping down from the apparatus. For the test, the rat was placed into one of the open parts facing a closed part of the apparatus. After 5 min the rat was removed from the apparatus and the maze was cleaned with ethanol (70%) and water and dried thoroughly. The movements of the rat were scored automatically under dark conditions with a computerized system using an infrared video camera (Ethovision Pro, Noldus, The Netherlands). Percentage of time spent in the open part of the maze and total distance traveled were determined.
In the home cage emergence (HCE) test the rat's home cage (opened) was placed in the center of an open field (1 m 2 ; under low light conditions) and the rat was allowed to leave its cage via a grid walkway. The latency to emerge from the home cage (i.e., four paws on the grid) was scored. If the rat did not emerge from its home cage within 300 s, the session was ended, the home cage was closed again and the rat was given a score of 300 s. The scores of 3 trials carried out on 3 consecutive days were averaged (Prickaerts et al., 1996) .
In the forced swimming test (FST), originally designed by Porsolt et al. (1978) , four cylindrical glass tanks (50 cm tall, 20 cm in diameter) were filled to a height of 30 cm with 25 1C water. The movements of the rat were scored automatically with a computerized system (Ethovision Pro, Noldus, The Netherlands) during a 5 min session under low light conditions. Scored were 'immobility', which reflects no movement at all and/or minor movements necessary to keep the nose above the water, and 'strong mobility', reflecting 'escape behavior' (e.g. climbing against the walls and diving). Settings within Ethovision were adjusted based on manually recorded sessions and were attuned for each sex separately (immobility/mobility threshold: 12 and 20; mobility/strong mobility threshold: 16.5 and 23.9 for males and females, respectively; Strackx et al., 2009) .
The sucrose intake (SI) test was used to examine anhedonia (Willner et al., 1992; Dalla et al., 2005; Gronli et al., 2005) . Rats were allowed to acclimatize to a 1% sucrose solution 2 days before the actual experiment. At 5.00 h on the test day, at the start of the dark phase, rats were deprived of food and water for 14 h. At 19.00 h, i.e., 2 h after the lights had turned on a 1% sucrose solution was offered. After 1 h sucrose consumption was measured and the intake was expressed in ml 1% sucrose/kg body weight consumed to control for intake differences due to possible differences in body weight (Dalla et al., 2005; Gronli et al., 2005) .
Corticosterone response and radioimmuno-assay
To test the HPA axis responsivity, rats were individually placed in a type II (mouse) cage filled with 500 ml 25 1C water. Experiments were performed in an isolated room between 13.00 and 15.00 h. Immediately after taking the rat from its home cage, a first blood sample was collected via a saphenous vein puncture representing the basal corticosterone level. Immediately after this first sample was taken, the rat was put in the cage filled with water for 20 min after which a second blood sample was taken. Afterwards, the animal was returned to its home cage and left undisturbed for 40 min after which a final blood sample was taken. Blood samples were kept on ice and centrifuged at 5000 rpm for 10 min at 4 1C, after which the plasma was frozen down to À75 1C for subsequent determination of corticosterone levels (in duplicate). For this purpose, 50 ml of plasma was extracted with 3 ml dichloromethane and vortexed for 1 min. Corticosterone was subsequently measured directly on 1 ml dried dichloromethane and extracted for radioimmunoassay using corticosterone-125 I. The radioimmunological reaction was performed overnight at 4 1C, after which a second antibody system was used to separate bound and unbound steroid as previously described in detail (Sulon et al., 1978) . The average intra-and inter-assay coefficients of variation for all assays were below 10%. The assay had a sensitivity of 7.7 ng/mL.
RNA preparation
Total RNA was extracted using RNeasy Mini kits (QIAGEN, Venlo, The Netherlands). Glass beads of 1 mm together with buffer RLT (provided by the RNeasy Mini kit) were added to the frozen tissues, and subsequently homogenized in a Minibead Beater (Biospec Products, OK, USA). After removal of cellular debris by centrifugation, extraction was continued according to instructions of the RNeasy Mini kit.
Microarray hybridization
Analysis of whole genome expression was performed at the facilities of ServiceXS (Leiden, The Netherlands). Quality of RNA samples was assessed by electrophoresis using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Of each experimental group four pools of three samples were prepared. Pools were subsequently hybridized on the RatRef-12 Expression BeadChip (Illumina, San Diego, CA, USA).
Data normalization
Normalization of expression data was performed as previously described (Alttoa et al., 2010) . In summary, the raw microarray data were processed using the Beadarray (Dunning et al., 2007) PreprocessCore (Bolstad et al., 2003) and PUMA (Sanguinetti et al., 2006 ) R packages of bioconductor (Bioconductor). In the Beadarray package the BackgroundCorrect method used was ''minimum'', whilst variables for the CreatebeadsummaryData method were as follows: log=TRUE, n=10. Data were normalized using the quantile normalization algorithm from the PreprocessCore package. An important outcome measure of the PUMA analysis is the Probability of Positive Log Ratio (pplr) statistic, a probability measure of differential expression that considers uncertainty of expression levels. Statistically significant differentially expressed genes were defined as genes with a minimum pplr value (the minimum of pplr or 1Àpplr) less than 0.001. As such, separate sets of differentially expressed genes between control and PS animals for each gender and brain region (hippocampus and FC) were generated.
Microarray data analysis
To find significantly over-represented molecular pathways within the sets of genes differentially regulated by PS, we searched the pathway database of the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the DAVID Functional Annotation Tool (http://david.abcc. ncifcrf.gov/, see also (Huang da et al., 2009) ). The KEGG pathway database is a collection of manually drawn graphical diagrams that represent the current knowledge of molecular interactions involved in various cellular processes (http://www.genome.ad.jp/kegg/pathway. html). The DAVID tool produces a gene enrichment score (EASE score, which is a modified Fisher Exact p-value) for each KEGG pathway. For identifying significant enriched pathways the cut-off value was set at Po0.05. Additionally, the lists of differentially expressed genes were manually screened to identify genes encoding proteins, known to be implicated in signaling pathways in the pathophysiology and/or treatment of mood disorders.
Statistical analysis
EZM, FST and SI data were explored by using a two-way ANOVA (sex x condition). In addition, since all of these tests displayed either a significant sex x condition interaction effect and/or highly significant sex effects, a stratified analysis was performed for each sex separately. For the HCE test, the data were not normally distributed since some rats remained in the home cage for the entire observation period. Therefore, these data were transformed to rank scores, after which average escape latencies were compared between groups. Plasma corticosterone values were ln-transformed to normality. HCE data and corticosterone levels were analyzed by a repeated measures ANOVA (sex x condition) and also independently at the different time points using a two-way ANOVA (sex x condition). Correlation analysis was performed using Pearson's correlation coefficient (r p ). Statistical significance was assumed to exist at Po0.05, except when studying the effects of PS on corticosterone levels at the individual time points, in order to correct for multiple testing (Po0.017). All statistics were carried out using SPSS software version 12.0.1 (SPSS Inc, USA).
Results
3.1. Maternal weight gain, offspring birth weight, litter size and pre-weaning mortality Maternal stress exposure in this cohort of animals was associated with reduced maternal weight gain over gestation, concomitant with impaired fetal growth in both sexes, as reported previously (Van den Hove et al., 2010) . No differences were observed in litter size (13.670.9 and 14.170.5 pups per litter for C and PS, respectively) or pre-weaning mortality (no pups died in either group after litters had been culled to 8 pups).
Anxiety-and depression-related behavior
The percentage of time spent in the open arms of the EZM as well as the distance covered in the EZM are depicted in Figure 1 . An overall sex x condition interaction was observed (F 1,49 =6.662; P= 0.013) as well as an overall sexeffect (F 1,49 = 5.983; P=0.018). The overall condition effect did not reach statistical significance (F 1,49 =2.050; P=0.159). Stratified analyses showed that PS male rats spent less time in the open arms of the EZM as compared to C males (PS effect: À34.4%, F 1,24 =7.557; P=0.011). In addition, an overall sex-effect for the total distance moved in the EZM was found (F 1,49 =18.369; Po0.001), whereas there was no overall condition-effect or sex x condition interaction (F 1,49 =1.491; P= 0.228 and F 1,49 =3.587; P=0.064, respectively). Stratified analysis revealed that male PS rats covered less distance during the 5 min trial as compared to C males (PS effect: À25.3%, F 1,24 =4.970; P=0.035). No differences were observed between PS and C females in this respect (F 1,25 =0.704; P= 0.409 for time spent in the open arms, and F 1,25 =0.222; P=0.642 for total distance moved). The average escape latencies in the HCE test are shown in Figure 2 . Over time, a significant overall effect for PS was found (F 1,48 =6.423; P=0.015) as well as a significant sex effect (F 1,48 =49.482; Po0.001). The sex x condition interaction effect over time, however, failed to reach statistical significance (F 1,48 = 0.031; P= 0.860). More specifically, over the three trials, male PS rats took more time to leave the home cage as compared to controls (PS effect: +25.3%, F 1,25 =4.863; P=0.037). A similar trend was observed in female offspring, although this was not significance (PS effect: +33.7%, F 1,23 =3.026; P=0.095). Results from the FST are shown in Figure 3 . The immobility time did not show overall PS effects, nor did it show a sex x condition interaction (F 1,52 =0.957; P=0.333 and F 1,52 =0.309; P=0.581, respectively). However, a profound overall sex effect was observed (F 1,52 =69.658; Po0.001), while stratified analysis per sex revealed no differences between PS and controls (males: F 1,26 = 0.807; P= 0.377; females: F 1,26 =0.164; P=0.688). Strong mobility in the FST showed an overall trend (F 1,52 =3.239; P=0.078), a highly significant sex effect (F 1,52 =16.952; Po0.001) and a trend for a sex x condition interaction (F 1,52 =3.466; P=0.068). Stratified analysis indicated that PS in males resulted in less strong mobility as compared to controls (PS effect: À21.7%, F 1,26 =4.241; Po0.05), whereas no differences in strong mobility were observed between female groups (F 1,26 = 0.005; P=0.947). Overall, no differences in SI were observed between PS and C offspring (F 1,24 = 2.401; P=0134). While there was no sex x condition interaction (F 1,24 = 0.422; P=0.522), a significant overall sex effect was found (F 1,24 
Corticosterone response
Plasma corticosterone levels under basal conditions, immediately after 20 min of restraint stress, or 40 min after being placed back into the home cage, are depicted in Figure 4 . Analysis with repeated-measures ANOVA revealed a highly significant change in corticosterone levels over time (F 2,90 =128.375; Po0.001; sphericity assumptions met), as well as a significant overall PS effect (F 1,45 =4.947; P=0.031) and a highly significant overall sex effect (F 1,45 =33.591; Po0.001), whereas the sex x condition interaction was not significant (F 1,45 =0.353; P=0.555) . Looking at the three measurements individually (two-way ANOVA) indicated overall PS effects for basal corticosterone levels (F 1,45 =9.871; P=0.003) and stress levels (F 1, 45 =14.194; Po0.001) , both of which were accompanied by highly significant sex differences (F 1,45 =40.632; Po0.001 for basal levels and F 1,45 =73.856; Po0.001 for stress levels). Overall condition effects for recovery after stress were, however, not significant (F 1,45 =2.511; P=0.120) and showed no sex or sex x treatment interaction effects (F 1,45 =0.016; P=0.900 and F 1,45 =0.102; P=0.751, respectively). Stratified analysis revealed a significant within-subjects effect in males both for time (F 2,50 =83.926; Po0.001) and experimental group x time (F 2,50 =7.803; P=0.001). In addition, over time, a significant effect of PS was observed (F 1,25 =4.933; P=0.036). Male PS rats further showed higher basal plasma corticosterone levels as compared to controls (PS effect: +108.7%, F 1,25 =11.568; P=0.002), whereas stress-induced corticosterone levels were again lower in male PS rats (PS effect: À21.9%, F 1,25 =10.183; P=0.004). In females, a significant within-subjects effect was observed only for time (F 2,40 =65.937; Po0.001). Further, only stress-induced plasma corticosterone levels differed between groups, with PS females showing lower corticosterone levels as compared to controls (PS effect: À21.6%, F 1,20 =4.876; P=0.039). No difference between groups was observed after 40 min of recovery (males: F 1,25 =0.846; P=0.367; females: F 1,20 =1.768; P=0.199).
Brain region weights
Weight data of the hippocampus and FC are listed in Table 2 . Relative hippocampal weight was higher in PS females as compared to C females (PS effect: 13.2%, P=0.015). No difference between groups was observed in any other case.
3.5. Gene expression profiles 3.5.1. Differential expression of genes related to stress and affective behavior Within the hippocampus, PS affected the expression of 44 and 1084 genes in male and female offspring, respectively. Within the FC, 114 and 688 genes were expressed differentially by PS in male and female offspring, respectively. An overview of all genes regulated by PS exposure within the hippocampus and FC of male offspring is given in Tables 3 and 4 , respectively. Individual genes regulated in the hippocampus and FC of female offspring is depicted in Supplemental Material S1 and S2.
Pathway analyses
DAVID-KEGG analysis showed that in male offspring no KEGG pathways were significantly enriched by PS within any of the brain regions, which was related to the limited number of genes affected by PS in male offspring. Results from the KEGG pathway analyses on gene expression profiles within the female hippocampus and FC are depicted in Tables 5  and 6 , respectively. Within the hippocampus, 'cell adhesion molecules (CAMs)', 'ErbB signaling pathway', 'focal adhesion', 'insulin signaling pathway', 'long term potentiation', 'mTOR signaling pathway', 'phosphatidylinositol (PI) signaling system', and 'tight junction' were significantly changed after PS. Within the FC, the KEGG pathways 'ribosome' and 'Wnt-signaling' were significantly affected by PS. In addition, manual browsing of the gene lists for candidate genes encoding proteins known to be involved in the pathophysiology and/or treatment of affective disorders revealed several differentially expressed genes involved in glutamate and gamma-aminobutyric acid (GABA) neurotransmission, cyclic adenosine monophosphate (cAMP)/ cyclic guanosine monophosphate (cGMP)/ phosphodiesterase (PDE) signaling, and epigenetic regulation, in both the hippocampus and FC of male and female PS offspring (see Table 7 ). An overview on relevant signaling cascades altered within the female hippocampus and FC, based on the expression profiles and subsequent functional clustering using DAVID is given in Figure 5 .
Discussion
As a hypothesis-generating approach, in order to gain more insight into the molecular mechanisms that mediate the behavioral effects of developmental stress exposure, we examined the enduring effects of PS exposure on gene expression profiles within the hippocampus and FC of adult male and female Sprague-Dawley rats. While PS increased anxiety-and depression-related behavior particularly in male Sprague-Dawley rats, female offspring seemed to be relatively resilient to PS exposure. In addition, PS altered the expression of numerous genes in the hippocampus and FC in a sex-specific manner. These sex-specific alterations may, at least in part, explain the behavioral differences observed between both sexes, i.e. relative vulnerability versus resilience to PS in male versus female rats, respectively.
Sex differences in behavior and the response to stress
PS resulted in a significant increase in anxiety-and depression-related behavior in male offspring, while behavior in females was largely unaffected. In addition, only male PS offspring showed clearly increased basal plasma corticosterone levels, whereas PS offspring of both sexes failed to show an adequate response to stress. Among females, adult hippocampal weight was relatively increased after PS. Although the overall prevalence of mood disorders is higher in female as compared to male humans (Blehar, 1995) , a different pattern seems to be observed in PS-related psychopathology (Darnaudery and Maccari, 2007) . Whereas only male PS Sprague-Dawley rats showed a clear increase in anxiety-and depression-related behavior, PS females seemed to remain relatively resilient to PS exposure in the present study. Studies by the group of Figure 4 Stress-induced corticosterone secretion. Values represent means (ng/ml) + S.E.M. Male prenatally stressed (PS) rats showed higher basal plasma corticosterone levels as compared to controls (C). Stress-induced corticosterone levels (the grey bar represents a 20 min period of stress) were lower in both male and female PS offspring. No difference between groups was observed 40 min after placing the animals back into their home cage. Ã Po0.05, ÃÃ Po0.01 (One-way ANOVA). (Darnaudery and Maccari, 2007; Zuena et al., 2008) . In addition to the increased vulnerability of males towards, for example, the development of an anxious phenotype, their latest study actually showed PS females to be less anxious as compared to control female offspring, i.e. two even more distinct behavioral phenotypes. The more distinct phenotype might be explained by the fact that Zuena and colleagues started restraining their pregnant dams from 11 days of gestation onwards. Furthermore, Zuena et al. (2008) studied the offspring at a younger age, i.e., 3 months. In line with these sex-specific behavioral phenotypes, prenatally stressed male Sprague-Dawley rats show impaired hippocampal plasticity, whereas female rats exposed to PS show signs of increased structural plasticity (Darnaudery and Maccari, 2007) . Discrepancies between these findings and those from other groups may be explained by the use of other rat strains and/or maternal stress paradigms; an issue that has already been addressed recently (Zuena et al., 2008) . Further, the age of the offspring studied may play an important role as well. The sex-dependent effects of PS are probably related to the sex-specific timing of relevant developmental processes over gestation (e.g., Owen and Matthews, 2003) . The exact role of sex in relation to PS remains to be elucidated though.
Age-related differences in HPA axis (re-)activity
Similarly, the observed pattern of stress-induced corticosterone secretion in our study was substantially different from that of other investigations in Sprague-Dawley rats using the same PS model, but offspring of a different age. In a study by Morley-Fletcher et al. (2003a) using male Sprague-Dawley rats of 3 months of age, no effect of PS on either basal or stress-induced plasma corticosterone levels was found. In that study, however, recovery after 20 min of restraint stress was weaker after PS. In two other comparable studies by the same group using male SpragueDawley rats of 2 months of age, both stress-induced plasma corticosterone levels as well as levels after recovery were higher in PS animals (Dugovic et al., 1999; Morley-Fletcher et al., 2003b ). An age-dependent relationship between adverse early-life experience (maternal deprivation) and HPA axis (re-)activity was already suggested by De Kloet and Oitzl (2003) . Though different in nature, a comparable phenomenon seems to be involved in HPA axis (re-)activity after PS. We therefore hypothesize that alterations in HPA axis (re-)activity per se, rather than just HPA axis hyperactivity are of importance in relation to PS exposure.
Gene expression profiles
Microarray analysis revealed various region-and sex-specific effects of PS. Whereas the behavioral effects of PS were more pronounced in male offspring, gene expression was altered to a greater extent in female offspring. Relevant genes affected in male offspring that may explain, at least in part, the behavioral alterations induced by PS, include those encoding for Mrpl18 and Sc5dl (both of which were highly increased in both the hippocampus and FC), TrkB (decreased expression within the FC), hippocalcin (decreased expression within the FC) and HDAC4 (increased expression within the hippocampus). Concerning the female offspring, we hypothesize that the increased number of differentially expressed genes reflects an adaptive response to PS, involving mechanisms that contribute to resilience to the prodepressant effects of PS. Biological processes and/or signal transduction cascades affected by PS in female offspring include glutamatergic and GABAergic neurotransmission, MAPK/CREB signaling, cAMP/cGMP/PDE signaling, GSK3B signaling, IP signaling, and central insulin signaling. Further, epigenetic regulation seemed to be affected to a different degree in both male and female offspring exposed to PS. These findings may indicate new potential therapeutic targets in the treatment of affective disorders. Below we will discuss the role of several biological processes in more detail.
Glutamate and GABA
The observed gene expression profiles suggest a significant role for glutamatergic neurotransmission in mediating the effects of PS. For example, female offspring exposed to PS showed a decrease in the expression of the ionotropic N-methyl D-aspartate (NMDA) receptors 1 and 2A within the FC, as well as a decreased metabotropic glutamate receptor 5 (mGluR5) expression in both the hippocampus and FC. Recent evidence has suggested that altered glutamatergic neurotransmission, which may have its origin in early development, plays an important role in the pathophysiology of mood disorders (Hashimoto, 2009a (Hashimoto, , 2009b . Both the NMDA and mGlu receptors have been proposed as potential therapeutic targets in this respect (Pilc et al., 2008; Pittenger et al., 2007) . Pilc et al. (2008) suggested a model in which mGlu5 antagonists may possess antidepressant activity through NMDA receptor blockade. Likewise, the observed decrease in mGlu5 receptor expression within both the hippocampus and FC, together with the observed decrease in the expression of the NMDA1 and 2A receptors within the FC of female offspring exposed to PS, may relate to the resilience towards PS in this sex. Whether these changes represent a compensatory response to the decreased expression of glutamic acid decarboxylase (GAD; decreased in both the hippocampus and FC of PS females), the enzyme that catalyzes the decarboxylation of glutamate to GABA, remains to be elucidated. In a recent investigation by Zuena et al. (2008) , PS was shown to result in a reduction in mGlu5 receptor protein levels within the hippocampus of male offspring only. These rats further showed increased anxietyrelated behavior. In contrast, female PS rats in that same study displayed reduced anxiety and no change in mGlu5 receptor levels in the hippocampus. The authors suggested that the decrease in mGlu receptor function observed in PS male rats represents ''an unsuccessful homeostatic mechanism aimed at restoring the physiological levels of the anxiety response'' (Zuena et al., 2008) . Though mRNA expression is markedly different from protein expression, the discrepancy between their study and ours may further be explained by the fact that the rats used in our study are older as compared to those in the study by Zuena et al. (2008) . Closely related to glutamate function is the role of the inhibitory neurotransmitter GABA and its receptors. Dysfunction of the GABAergic neurotransmitter system has recently been associated with the development of both mood and anxiety disorders (Kalueff and Nutt, 2007; Price et al., 2009) . Moreover, in both human and animal studies, positive modulators of GABAergic neurotransmission generally exert anxiolytic and antidepressant effects, while negative modulators possess anxiogenic-or depressive-like activity (Kalueff and Nutt, 2007) . It is known that stress as well as many GABAergic psychotropic drugs is both capable of affecting GABA receptor subunit composition, which in turn may dramatically affect its functions (Zhang et al., 1998) . Similarly, the expression of multiple GABAergic receptor subunits was affected after PS in the present study. For example, within the FC of male offspring, the expression of the alpha 4 subunit was decreased in PS as compared to control animals. Within females, the expression of various GABA receptor subunits was affected by PS in both brain regions. Further, as mentioned above, the expression of GAD was decreased in both the hippocampus and FC of PS females.
Altogether, these data suggest that changes in glutamatergic and GABAergic neurotransmission may play a prominent role in the regulation of affective state and reiterate the need for further research on their possible therapeutic value in disorders like anxiety and depression.
Ribosome function
The Mrpl18 gene encodes a 39S subunit protein that belongs to the L18P ribosomal protein family, the exact function of which remains largely unknown. Recently though, Mrpl18 has been shown to play a key role in mediating import of the nuclear DNA-encoded 5S rRNA into mitochondria, by which 5S rRNA molecules can be specifically withdrawn from the cytosolic pool and redirected to mitochondria, bypassing the classic nucleolar reimport pathway (Smirnov et al., 2011) . The profound increase in Mrpl18 mRNA expression in both the hippocampus and FC of PS male offspring, in addition to the altered expression of related genes, e.g. Mrpl11 and Mrps2 (both in FC), as well as Mrps5 and Ms4a11 (both in hippocampus) suggests a dysregulated transport of 5s rRNA and associated ribosomal function. Interestingly, PS increased the expression of numerous genes encoding ribosomal proteins in the FC of female offspring (13 differentially expressed, all of which increased by PS exposure). This suggests that the brain is increasing its capacity for protein synthesis, which could be interpreted as an attempt to compensate for impaired cytosolic translation (Bonow et al., 2009). 4.3.3 . MAPK/CREB/neurotrophic factor signaling and hippocalcin DAVID analysis showed a substantial overall negative effect of PS on MAPK signaling within the female hippocampus. Examples of genes downregulated by PS within this brain region were genes for the rat sarcoma viral oncogene homolog 2 (RAS), calcineurin (CaN), MAPK 1 (or ERK2), MAPK kinase kinase 1 (MAP3K1 or MEKK1), and ribosomal s6 kinase (RSK). Furthermore, the expression of the gene encoding for MAPK phosphatase-4 (MKP4), also known as dual specificity phosphatase 9 (DUSP9), which is known to deactivate MAPK, was increased in PS females.
A major substrate for the ERK/MAPK signaling pathway is the transcription factor CREB, which regulates the expression of, e.g. BDNF and is known to play an important role in mediating the antidepressant effects of neurotrophic factors and growth factors (Schmidt and Duman, 2011; . Interestingly, impaired function of BDNF and its receptor, the tyrosine kinase B (TrkB) receptor, have been linked to the development of major depression as well as a diminished response to antidepressant drugs (Dong et al., 2009; Duman and Monteggia, 2006; . In the present study, Ntrk2 gene expression (which encodes the TrkB receptor) was decreased by PS in the FC of male offspring. CREB signaling can also be induced by Ca 2 + -calmodulin-regulated kinases (CAMKs), e.g., after stimulation of glutamatergic alphaamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors . Interestingly, the expression of CAMKII was decreased both within the hippocampus and FC of PS female as compared to control offspring. Further, the expression of Gria 3, encoding for the AMPA3 receptor, was decreased within the FC of PS females. Hippocalcin, a member of the neuronal calcium sensor (NCS) protein family, is another protein involved in CREB signaling. Hippocalcin-deficient mice display a defect in CREB activation, associated with impaired spatial and associative memory (Kobayashi et al., 2005; Noguchi et al., 2007) . In the present study, the expression of hippocalcin was decreased in the FC of male offspring exposed to PS, which may reflect impaired CREB-signaling in the FC of these animals.
GSK3B signaling
GSK-3B is implicated in the signaling pathways of various neurotransmitters and growth factors and has a repressing effect on transcription factors including CREB and B-catenin (Grimes and Jope, 2001; Salas et al., 2003) . GSK-3B has been implicated in the etiology of various psychiatric disorders, such as major depression, schizophrenia, and bipolar disorder (Emamian et al., 2004; Gould et al., 2004b; Hur and Zhou, 2010; Li and Jope, 2010; Wada, 2009) . The mood stabilizer lithium is a selective inhibitor of GSK-3 (Gould et al., 2004b) . Data of rodent studies suggest that pharmacological inhibition of GSK-3 has antidepressant-like effects (Gould et al., 2004a; Kaidanovich-Beilin et al., 2004) . In the present study, we observed a decrease in GSK-3B mRNA expression in the FC of both male and female PS offspring. In PS females though, GSK-3B mRNA expression was reduced to a greater extent as compared to PS male offspring. In addition, the expression of B-catenin, one of the major downstream targets of GSK3B and the function of which is inhibited by GSK-3B activity, was increased substantially within the FC of PS females. Furthermore, the expression of Chd8, the gene encoding for B-catenin binding protein, which normally binds to B-catenin thereby inhibiting its function, was decreased, indicating an even more impaired GSK signaling in PS females. As such, impaired GSK-3B signaling may represent another interesting mechanism of action mediating resilience to PS in female offspring.
4.3.5. cAMP/cGMP/PDE signaling Phosphodiesterases (PDEs) are enzymes that degrade the phosphodiester bond in the second messenger molecules cyclic adenosine monophosphate (cAMP) and/or cyclic guanosine monophosphate (cGMP) (Bender and Beavo, 2006) . Within the hippocampus of PS female offspring, the expression of PDE4b, PDE7a, PDE8b and PDE10a was decreased. In addition, within the FC of PS females, the expression of PDE2a and PDE4b was reduced. The inhibition of specific PDEs, which results in an increase in cAMP and/or cGMP dependent on the PDE type being inhibited, offers unique receptor-independent opportunities to modify cellular processes including apoptosis, differentiation, lipogenesis, glycogenolysis, gluconeogenesis and muscle contraction (Halene and Siegel, 2007) . Thus, recently, PDE inhibitors have been identified as new potential therapeutics in areas such as dementia, depression, and schizophrenia (Halene and Siegel, 2007; Reneerkens et al., 2009; . The majority of the PDEs affected by PS degrade cAMP only, whereas PDE2 and PDE10 degrade both cAMP and cGMP. The cAMP system mediates the effect of monoamine neurotransmitters and is known to be downregulated in the brains of depressed patients (see review by . The depressive effect of impaired cAMP signaling is most likely related to the fact that cAMP activates protein kinase A (PKA), which, in turn, activates CREB. This notion is supported by the finding that chronic blockade of PDE4 with rolipram activates CREB and increases the expression of BDNF in the hippocampus, and that rolipram has antidepressant efficacy in both preclinical and clinical trials . Along similar lines, it has been found that PDE4bÀ/À mice exhibited decreased immobility in the forced swimming test indicating an antidepressant-like effect (Zhang et al., 2008) . PS male rat offspring in the present study showed increased depression-related behavior in the forced swimming test, whereas the behavior of PS female offspring was not affected as compared to control offspring. Thus, reduced levels of, e.g., PDE4b, as observed in PS female offspring in the present study, may explain the lack of depressive-like behavior in the forced swimming test in this sex after PS exposure. In this way, a decrease in PDE signaling may lead to increased cAMP/CREB signaling and related neurotrophic support. Expression levels of hippocampal PDE10a and FC PDE2a were reduced in PS females and, therefore, cGMP might also be of interest in mediating possible protective effects in PS females in the present study as it has recently been demonstrated that single nucleotide polymorphisms (SNPs) located in the genes encoding PDE2a, PDE10a, and the cGMP-specific PDE9a gene are associated with major depression (Wong et al., 2006) .
Altogether, these data support the notion that specific PDE inhibitors might represent interesting candidates for possible treatment strategies for disorders such as major depression.
Central insulin signaling
In addition to its well-known role in peripheral glucose regulation, the hormone insulin has an important role in regulating central nervous system (CNS) function, the significance of which is underscored by the increased vulnerability to co-morbidities such as dementia and depression seen with insulin resistance and diabetes (Brown et al., 2004; Lustman and Clouse, 2005; McEwen et al., 2002; Ott et al., 1999) . Interestingly, insulin and the insulin receptor (IR) have been shown to be produced in neurons throughout the brain (Devaskar et al., 1994; Zhao and Alkon, 2001) , whilst particularly the hippocampus seems to be vulnerable to chronic hyperglycemia and insulin resistance (Reagan, 2007) . The pathophysiological similarities between diabetes and mood disorders suggest that common mechanistic pathways may be involved in the etiology and progression of the neurological aspects of these disorders. For more information on the link between insulin signaling, memory and mood, (see Reagan, 2007; Robertson et al., 2010) . Notably, our microarray data now also suggest a pivotal role for central insulin signaling in mediating the effects of PS. Within the female hippocampus, several genes linked to insulin and related PI signaling (Yang et al., 2008; Daimon et al., 2008; Aberg et al., 2006) were differentially expressed in PS offspring when compared to controls. Among others, the expression of Ins1, encoding for insulin itself, was upregulated. In addition, the hippocampal expression of Slc2a3, the gene encoding glucose transporter-3, which is responsible for the influx of glucose into neurons, was decreased in the same offspring. We therefore hypothesize that enhanced hippocampal insulin signaling in PS female offspring might represent a compensatory effect explaining why behavior in females was largely unaffected.
Epigenetic regulation
Recently, it has been suggested that epigenetic mechanisms may account for the symptoms of mental illness and their (partial) reversal during treatment (Krishnan and Nestler, 2008; McClung and Nestler, 2008; Mill and Petronis, 2007; Renthal and Nestler, 2009; Tsankova et al., 2007) . Evidently, the use of PS as a developmental rat model for affective disorders is of particular interest in relation to epigenetic programming. Specifically, the endogenously programmed massive loss and subsequent re-establishment of DNA methylation in the embryo and fetus comprises diverse critical periods, during which environmental stimuli can affect epigenetic regulation (Waterland and Jirtle, 2004) . In this respect, the expression patterns of various genes involved in epigenetic regulation are remarkable. For example, the expression of HDAC4 was upregulated within the hippocampus of PS male offspring, whereas it was downregulated within the FC of PS females. Other proteins involved in epigenetic regulation that are affected by PS are methyltransferase-like 2 and MBD1 (both downregulated within the FC of PS females). Thus, it is likely that changes in epigenetic regulation in reaction to fetal distress may contribute to the various physiological and behavioral changes observed in prenatally stressed subjects. Recent studies in rodents already provided evidence for epigenetic programming by early prenatal maternal stress (Bale, 2011; Darnaudery and Maccari, 2007; Matrisciano et al., 2012; Morley-Fletche et al., 2011; Mueller and Bale, 2008; Zuena et al., 2008) . Interestingly, recently, several studies have highlighted the antidepressant potential of HDAC inhibitors, although numerous challenges need to be addressed before being able to guarantee sufficient specificity, potency, and a benign side effect profile of this class of drugs (Covington et al., 2011; Grayson et al., 2010) .
Limitations of the study
A major limitation of the present study is that the observed gene expression patterns may not be directly related to the behavioral measures assessed in the present study. For example, the observed changes in gene expression may just as well be associated with cognitive changes seen with PS (Zuena et al., 2008) . In fact, many of the affected biological processes are known to be related to various types of affective and cognitive behavior and may therefore explain a general increased susceptibility to psychopathology observed in PS subjects. Furthermore, it is likely that the behavioral testing paradigms exerted an independent effect on central gene expression profiles. Although behavioral task exposure was identical for all groups, one cannot exclude that the animals' response to it was different among groups. Thus, behavioral testing may have left a permanent imprint on hippocampal and frontal gene expression patterns in a sex-and/or condition-dependent manner. Obviously, examining behavior and its underlying biological mechanisms in the same set of animals enables the possibility of linking both features in a more direct way. Moreover, evidently, the use of homogenates does not allow us to discriminate which specific anatomical subregions and/or populations of cells are affected.
Concluding remarks
In conclusion, the present study shows that prenatal maternal stress in Sprague-Dawley rats is associated with clearly increased anxiety-and depression-related behavior in adult male, but not female offspring. Male PS offspring further showed increased basal plasma corticosterone levels, whereas both PS males and females failed to show an adequate response to stress with lower stress-induced corticosterone levels as compared to controls. While the behavioral effects of PS were more pronounced in male offspring, gene expression was altered to a considerably greater extent in females. Thus, we hypothesize that part of the observed alterations in gene expression patterns in female offspring may indicate molecular mechanisms inducing resilience to PS. As such, microarray analysis within the hippocampus and FC highlighted various signaling pathways which may be critically involved in the development of mood disorders and/or the actions of antidepressants. Examples include glutamatergic and GABAergic signaling, the cAMP/cGMP/PDE system, the MAPK pathway, insulin signaling, and the GSK-3 signaling pathway. Altogether, the current study suggests that resilience to developmental stress exposure may be mediated, at least in part, via these intracellular signaling cascades. Furthermore, these signaling pathways may provide potential targets for novel antidepressant and mood stabilizing drug treatments, including e.g. HDAC inhibitors and PDE inhibitors. 
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